INTRODUCTION
Human cytomegalovirus (HCMV) is a species-specific herpesvirus carried by 60-80 % of human populations, depending upon demographics (Ross & Boppana, 2005) . In the immune competent, primary infection rarely results in clinical problems. However, in the immune compromised and the neonate, primary HCMV infection can cause significant disease sequelae (Ho, 1990; Zaia, 1990) .
Like all herpesviruses, HCMV is never cleared after primary infection but maintains a life-long persistence which is underpinned by the ability of the virus to undergo latent infection (Sinclair & Sissons, 2006) . As with primary infection, reactivation of virus from latency in the immune compromised or during pregnancy can also result in severe disease to the immunocompromised individual or the fetus in utero (Adler, 1983; Griffiths & Walter, 2005; Rubin, 1990; Sissons & Carmichael, 2002) . †These authors contributed equally to this work.
One established site of latent carriage, in vivo, is in cells of the myeloid lineage, including CD14 + monocytes and their CD34 + progenitors (Hahn et al., 1998; Khaiboullina et al., 2004; Mendelson et al., 1996; Taylor-Wiedeman et al., 1991) . However, differentiation of these cells to dendritic cells (DCs) or macrophages results in full virus reactivation (Reeves et al., 2005b; Soderberg-Naucler et al., 2001; Taylor-Wiedeman et al., 1994) .
During latent infection of monocytes or CD34
+ cells, carriage of latent viral genomes is associated with the expression of a restricted pattern of viral genes compared to lytically infected cells (Slobedman et al., 2010) ; the absence of infectious virion production during this life cycle mitigates the need for expression of much of the virus genome and probably, in itself, reduces the ability of the host's immune response to detect and clear virus-infected cells. Instead, viral gene expression during latency is probably reduced to those that play an important role in establishment and maintenance of the latent life cycle, and functions for proteins encoded by many of these latencyassociated transcripts are now beginning to be elucidated (Keyes et al., 2012b; Poole et al., 2014 Poole et al., , 2015 Tarrant-Elorza et al., 2014; Weekes et al., 2013) . In addition to these, it is also becoming clear that known viral non-coding RNAs are also expressed during latency (Rossetto et al., 2013) and these include viral microRNAs (miRNAs) (Fu et al., 2014; Meshesha et al., 2016; Shen et al., 2014) . Although the functional targets of a number of viral miRNAs expressed during lytic infection have been described (for reviews see: Dhuruvasan et al., 2011; Goldberger & Mandelboim, 2014; Hook et al., 2014a) , little is known about the role of HCMV-encoded miRNAs during latency.
One viral miRNA expressed during latency in primary myeloid cells is miR-UL112-1 (Meshesha et al., 2016) (B. Lau and others unpublished observations). A number of cellular and viral targets of this miRNA have been validated during lytic infection (Grey, 2015; Huang et al., 2013; Lee et al., 2012) ; these include multiple components of the host secretory pathway (Hook et al., 2014b) , the NK cell activatory ligand MICB (Stern-Ginossar et al., 2008) , cellular transcription factor BclAF1 (Lee et al., 2012) as well as the viral IE72 immediate early (IE) gene and viral UL114 (Grey et al., 2007; Murphy et al., 2008; Stern-Ginossar et al., 2009) . Furthermore, the targeting of MICB and BclAF1 by miR-UL112-1 was shown to aid immune evasion and virus spreading, respectively, during lytic infection (Lee et al., 2012; Stern-Ginossar et al., 2008) . Despite a relative wealth of information about the role of this viral miRNA during lytic infection, nothing is known about the role of miR-UL112-1 during latency. On the basis that miR-UL112-1 targets IE72 expression during lytic infection, we reasoned that an even more crucial role for this viral miRNA could be its ability to target IE72 during latent infection, thereby helping to ensure tight negative regulation of lytic gene expression, and hence virus production, during latent carriage -a known hallmark of latency.
Here, we have analysed whether the ability of miR-UL112-1 to target IE72, specifically, is important for latent carriage. Since miR-UL112-1 is known to have other cellular targets (Hook et al., 2014b; Huang et al., 2013; Lee et al., 2012) besides viral IE72, we approached this by generating recombinant virus in which the miR-UL112-1 target site in the 3¢ UTR of IE72 was removed (D112-1 target virus) rather than by deleting the miR-UL112-1 miRNA coding sequence itself -so ensuring that any phenotype we observed during latency was a result of lack of targeting of IE72 by miR-UL112-1 rather than its other known or unknown targets.
Our results show that, as expected, latent infection with wild-type (WT) virus results in very low levels of IE72 RNA expression. In contrast, latent infection with D112-1 target virus results in latently infected cells expressing substantial levels of IE72 RNA. Importantly, as opposed to cells latently infected with WT virus, cells latently infected with D112-1 target virus now become overt targets for IE72-specific CD8 + cytotoxic T-cells (CTLs).
Finally, the difficulty in using primary cells from healthy donors led us to interrogate whether cell line models of HCMV latency could be used for similar immunological analyses of HCMV latent infection. Using the THP-1 cell line model of latency, we have recapitulated our observations on the effects of latent infection in the absence of miR-UL112-1; as with primary cells, THP-1 cells latently infected with D112-1 target virus also become overt targets for IE72-specific CD8 + CTLs.
Taken together, our data define an important role for miR-UL112-1 in the maintenance of latency as well as demonstrating the applicability of the THP-1 model system for intricate analysis of HCMV latency at the molecular and immunological levels. We believe that expression of miR-UL112-1 during latency is important to 'mop up' leaky IE RNA expression to prevent recognition of latently infected cells by the robust IE72-specific CTL response known to be present in normal HCMV carriers (Gillespie et al., 2000; Kern et al., 1998) .
RESULTS
Deletion of the miR-UL112-1 target site in the IE72 3¢ UTR results in low-level IE expression in primary monocytes but not full reactivation of virus production
The viral miR-UL112-1 miRNA is expressed during latency in a number of experimental latent models including experimentally latent primary monocytes and CD34 + haemopoietic progenitor cells (Meshesha et al., 2016) (B. Lau and others unpublished observations). Besides the documented ability of miR-UL112-1 to target IE72, this viral miRNA is also known to target cellular MICB (SternGinossar et al., 2008) , multiple components of the host secretory pathway (Hook et al., 2014b) , BclAF1 (Lee et al., 2012) and IL-32 (Huang et al., 2013) , and is likely to have other unidentified viral and cellular target RNAs as many biochemical analyses suggest that miRNAs may typically target dozens of targets. As we wanted to specifically address the effect of lack of IE72 RNA regulation by miR-UL112-1, without potential confounding effects of miR-UL112-1 on other targets, we decided to construct a recombinant virus (D112-1 target) in which the miR-UL112-1 target binding site was removed (Fig. 1a) , so allowing an analysis of the effect of miR-UL112-1 on IE72 expression, in isolation.
We initially analysed the establishment of latency after 4 days of infection in CD14 + monocytes as we have done previously (Krishna et al., 2016; Weekes et al., 2013) with both WT or D112-1 target virus which resulted in similar numbers of GFP + latently infected cells (approximately 10-20 %, data not shown) as well as similar levels of expression of the latency-associated gene UL138 (Fig. 1b) . However, the suppression of IE gene expression in comparison to levels of UL138 expression (which is a hallmark of latent infection) was only observed with the WT virus; perhaps not unexpectedly, cells latently infected with D112-1 target virus resulted in a discernible increase in levels of IE72 RNA (Fig. 1b) . Importantly, although cells latently infected with D112-1 target virus did show less suppressed IE72 expression, there was no evidence of virus production from these cells or, as expected, from cells latently infected with WT virus (Fig. 1c) . Consistent with this, no late viral gene expression (pp28) was observed in cells latently infected with either virus (Fig. 1b) . In contrast, reactivation of cells latently infected with WT or D112-1 target virus showed similar levels of viral gene IE and late gene expression (Fig. 1b) and both produced similar levels of infectious virions (Fig. 1c) .
Expression of IE by cells otherwise latently infected with the miR-UL112-1 target mutant virus can be detected by IE-specific T-cells Given that cells latently infected with D112-1 target virus expressed detectable levels of IE72 RNA, we reasoned that, if translated, this would make these cells vulnerable to surveillance by the well-characterized IE72-specific CD8 + CTL response known to be present in the peripheral blood of many healthy HCMV carriers; up to 10 % of all circulating CTLs in healthy virus carriers are IE72 specific (Gillespie et al., 2000; Kern et al., 1998) . Consequently, we next tested whether cells latently infected with D112-1 target virus were differentially recognized by IE72-specific CTLs compared to cells latently infected with WT virus.
To do this, we generated a T-cell line which recognized the previously mapped IE72 peptide VLE (Khan et al., 2002) , presented by MHC Class I HLA-A2. Using Fluorospot analysis, we first checked that the T-cell line produced IFNg when cultured with both peptide pulsed monocytes and DCs. These T-cells were then used against latently infected monocyte targets as well as reactivating DC targets. As expected, the T-cell line recognized monocytes latently infected with WT or D112-1 target virus which had been induced to reactivate by their differentiation to DCs (Fig. 2) . In contrast, monocytes latently infected with WT virus showed little IE72-specific CTL recognition, whereas monocytes latently infected with D112-1 target virus were clearly recognized by IE-specific CTLs (Fig. 2) . Taken together, these data suggest that miR-UL112-1 is important for reinforcing the suppression of IE gene expression during latency to help prevent T-cell recognition of latently infected cells by IE72-specific CTLs.
Validation of the THP-1 cell model system All the analyses, so far, were carried out using latently infected primary human monocytes obtained from healthy blood donors; this requires local ethical approval and access to clinical services, which are not always readily available. On this basis, we wanted to determine if the effects of a lack of the miR-UL112-1 target site on T-cell surveillance could be recapitulated in other, more tractable, models of HCMV latency.
A number of models of HCMV latency that use established myeloid cell lines have been described and these include myeloid cells expressing the CD34 + marker, such as Kasumi-3 (O'Connor & Murphy, 2012) , or CD14 + monocytic cells, such as THP-1s (Keyes et al., 2012a) , which can recapitulate many aspects of HCMV latency and reactivation observed in primary cells (Albright & Kalejta, 2013) . The ability to use such established cell line model systems in the analysis of HCMV latency has a number of advantages, which include their ease of use compared with primary cells, the lack of a requirement to recruit donors and, importantly, there would be no need to tissue type match each individual donor as with, for example, immunological assays. Such cell lines are also homogenous and more easily to manipulate by, for example, transfection.
As observed by others (Keyes et al., 2012a) , THP-1 cells acted as a tractable model of latent infection. However, we found that growing cells in 2 % FCS, rather than 10 % FCS (as is standard), after infection reduced large-scale expansion of the cell population and the associated loss of viral genomes (see Fig. S1 , available in the online Supplementary Material). Fig. 3(a) shows that latent infection of THP-1 cells resulted in cells which express good levels of viral UL138 RNA in a background of much reduced expression of viral IE72 RNA, compared to levels of IE72 RNA expressed upon reactivation (e.g. see Fig. 3a , tracks labelled +PMA). Consistent with this low level of IE72 RNA expression, we observed extremely low levels of IE72 protein expression using indirect immunofluorescence (Fig. 3b , left panel). In contrast, differentiation of these latently infected cells resulted in induction of IE72 expression at the level of RNA ( Fig. 3a) and detection of numerous IE72-positive cells (Fig. 3b, right panel) . Perhaps most importantly, on the basis that lack of infectious virus is a hallmark of latency, co-culture of the undifferentiated latently infected THP-1 cells (shown in the left panel of The target site of miR-UL112-1 in the 3¢ UTR of IE72 was deleted to generate a recombinant virus in which IE72 is no longer targeted by miR-UL112-1. (b) Monocytes (mono) were either uninfected, infected with wild-type TB40E (WT) or the miR-UL112-1 target site mutant virus (D112-1) and latency was established for 4 days before harvesting and analysing mRNA levels for viral products UL138, IE and pp28 relative to cellular gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Alternatively, these gene products were analysed following reactivation from latency by differentiation to DCs (reactivation). (c) Both latent monocytes and reactivating DCs, described in (a), were also co-cultured with indicator fibroblasts and supernatants were harvested and seeded onto fresh fibroblasts for 24 h before fixing and immunofluorescence staining for IE protein, which was used to determined the IE foci forming units. Error bars shown in (b) and (c) denote the standard error of two independent experiments, with each containing three technical repeats.
production ( Fig. 3c , left panel). In contrast, reactivated virus was clearly detectable (Fig. 3c , right panel) after coculture of these differentiated latently infected THP-1 cells (shown in the right panel of Fig. 3b ) with indicator fibroblasts. Taken together, these data show that infection of THP-1 cells results in latent HCMV infection, which can be reactivated by differentiation.
THP-1 cells latently infected with D112-1 target virus also show de-repressed IE expression and become targets for IE-specific CTLs Fig. 2 clearly showed that removal of the miR-UL112-1 target site in IE72 prevented the repression of IE gene expression during HCMV latency in primary monocytes. Consequently, we tested whether latently infected THP-1 cells also showed the same effect. Fig. 4(a) shows that infection of THP-1 cells with both WT virus and D112-1 target virus resulted in equivalent levels of UL138 expression; this was not the case for expression of IE72. Although infection with WT virus did result in some detectable levels of IE72 expression, consistent with the less robust control of expression of IE72 known to occur upon latent infection of THP-1 cells (Keyes et al., 2012a) compared to monocytes, infection with D112-1 target virus resulted in substantially increased levels of IE72 RNA (Fig. 4b) . This argues that, during latent infection of THP-1 cells, the D112-1 target virus is less able to suppress IE gene expression during latency in the absence of the miR-UL112-1 target site; this is exactly as observed for primary monocytes.
To determine if THP-1 cells latently infected with D112-1 target virus were also more susceptible to surveillance by IE72-specific CTLs, we needed to determine whether THP-1 cells could act as targets for IE-specific T-cells in an MHC Class I restricted manner. THP-1 cells are known to express high levels of HLA-A2 and, consequently, when loaded with the HLA-A2-restricted VLE polypeptide of IE72 should present and be recognized by VLE-specific CTLs (Khan et al., 2002) . Fig. 5(a) shows that, as expected, THP-1 cells express high levels of HLA-A2 and, when pulsed with a VLE polypeptide, are recognized in a dose-dependent manner by a VLE-specific CTL line using IFNg ELISpot analysis (Fig. 5b) . Given that THP-1 cells can act as IE-specific CTL targets in this setting, we next tested whether these IEspecific T-cells recognized latently infected THP-1 cells, lytically infected differentiated THP-1 cells or latently infected THP-1 induced to reactivate by differentiation. Fig. 5(c) shows that differentiated THP-1 cells infected with HCMV, which undergo lytic infection, are recognized by IE-specific CTLs, as expected. In contrast, THP-1 cells latently infected with HCMV are poorly recognized by VLE-specific CTLs but do become targets when these latently infected cells are induced to reactivate. This is consistent with the targeting of infected THP-1 by IE72-specific T-cells only occurring when IE is fully expressed, i.e. during lytic infection and reactivation, but not latency.
Finally, we analysed whether THP-1 cells latently infected with D112-1 target virus were also targets for IE-specific CTLs, as we had observed using primary monocytes. To do this, we analysed the ability of IE-specific CTLs to reduce the number of GFP-tagged latently infected cells after latent infection with WT or D112-1 target virus. Fig. 5(d) shows that, as expected, irrelevant Epstein-Barr virus (EBV)-specific T-cells had no effect on the number of GFP-tagged latently infected THP-1 cells regardless of whether latency was established with WT or D112-1 target virus. In contrast, if IE-specific CTLs were used in the assay, the number of GFP-tagged latently infected THP-1 cells was reduced almost threefold when latency was established using D112-1 target virus compared with cells latently infected with WT virus.
Formally, whilst it is possible that this removal of these otherwise latently infected THP-1 cells expressing IE antigen results from CTL-mediated repression of IE gene expression and that these THP-1 cells still carry reactivatable virus, we think this is unlikely as cells that are induced to transiently express IE72 by treatment of latently infected cells with histone deacetylase inhibitors (HDACi) are killed by IE-specific CTLs (Krishna et al., 2016) .
Collectively, these data show that THP-1 cells provide a tractable experimental model of latency in which we were able to reproduce the observations with regards to the down-regulation of IE72 by miR-UL112-1 during latency.
DISCUSSION
The inability of HCMV latently infected cells to be cleared by the host after primary infection, even though host T-cell responses to HCMV are profound and long term, argues that latent reservoirs are unable to be surveilled and targeted by the extremely large HCMV-specific CD8 + and CD4 + T-cell response known to be present in normal healthy HCMV carriers (Wills et al., 2015) . Indeed, up to 10 % of the CD8 + T-cell compartment in peripheral blood of some healthy HCMVseropositive carriers recognizes IE72 antigen (Gillespie et al., 2000; Kern et al., 1998) . Consequently, robust repression of IE72 expression during latent carriage is likely to be of critical importance in order to prevent latently infected cells from being recognized and cleared by the well-established IE72-specific antiviral T-cell response.
We and others have shown that latent infection of both experimentally and naturally latent myeloid lineage cells results in a latency-associated transcription programme in which IE gene expression is profoundly suppressed; this results from repression of the viral major immediate early promoter (MIEP) mediated by concerted actions of cellular transcriptional suppressor proteins (Murphy et al., 2002; Rauwel et al., 2015; Reeves et al., 2005b) histone post-translational modifications around the MIEP (Murphy et al., 2002; Reeves et al., 2005a, b) . Our view is that, as with transcription in general, such repression is likely to be leaky, resulting in incomplete silencing of IE gene expression and, hence, requiring additional levels of IE suppression. The viral miR-UL112-1 miRNA has been shown to attenuate IE72 expression during lytic infection at low multiplicities of infection (Grey et al., 2007; Murphy et al., 2008) . This led us to analyse the role of miR-UL112-1 during latent infection when, we predict, such fine tuning of IE72 expression may be particularly important. Consistent with this, experimental latent infection of CD14 + monocytes with the D112-1 target virus consistently resulted in a significant increase in IE72 RNA compared with latency established with WT virus. Despite this, the increase in IE72 RNA in cells latently infected with D112-1 target did not result in virus reactivation as determined by virus co-culture analysis. It did, however, result in the ability of these cells latently infected with D112-1 target virus to be detected by IE72-specific CTLs, resulting in their killing; again, no such killing of cells latently infected with WT virus was observed.
We also addressed whether we could recapitulate these findings in an established cell line model of HCMV latency, as there are a number of advantages associated with using such cell lines over primary cells for HCMV latency studies: their ease of use, the lack of requirement for ethical approval, the ability to manipulate them by, for example, transfection as well as their homogeneity as a cell population. Using these cells, we are able to recapitulate our key observations using primary monocytes and, therefore, believe that the THP-1 latency model represents a tractable model for also addressing immune control of HCMV latency and reactivation.
Taking all these observations together, we posit that miR-UL112-1 has a key role during latency which is to ensure robust control of expression of viral IE72 by minimizing translation of any low levels of IE72 transcription which escapes latency-associated repression of the MIEP; if left uncontrolled, expression of this lytic antigen would otherwise result in latently infected cells becoming targets for the robust IE72 antiviral response routinely observed in healthy HCMV carriers.
METHODS
Cells and viruses. For latent infections, primary monocytes were isolated from venous blood of an HLA-A2 HCMV-seronegative donor by CD14 + MACS microbeads positive selection (Miltenyi Biotec) as instructed by the manufacturer. Briefly, PBMCs were extracted from venous blood by Lymphoprep density gradient centrifugation (AxisShield), as previously described (Mason et al., 2013) . PBMCs were then incubated with CD14 direct microbeads before application to a magnetized LS column, and subsequently eluting the bound cells after washing the column. The purity of isolated cells was analysed by flow cytometry which routinely showed 98.1 % cells expressed CD14 (range 97.4-98.9 %). Primary monocytes were cultured in X-Vivo-15 (Lonza) supplemented with 2.5 mM L-glutamine (GE Healthcare). (Chou & Scott, 1988) were generated on ARPE-19 cells to obtain highly endothelial tropic virus. Virus yield was determined by an immune-fluorescence assay adapted from Chou & Scott (1988) . After scoring, the virus titre (TCID50/ml) was calculated based on the Spearman-K€ arber method.
TB40E-GFP D112-1 target virus was derived from TB40E-eGFP , based on the HCMV bacterial artificial chromosome (BAC)-derived strain TB40/E (clone 4) and which was previously engineered to express eGFP. TB40-eGFP was used as the WT virus where indicated and was used to generate the TB40/Egfp D112-1 mutant using galK BAC recombineering protocols. The TB40/Egfp D112-1 mutant contains 12 single base pair substitutions that abrogate expression of miR-112-1, while maintaining the coding potential of the UL114 ORF located on the opposite strand. Mutagenesis was performed on the BAC clone of TB40/Egfp, using the galK selection and counter selection recombineering protocols as previously described (Warming et al., 2005) . Briefly, the TB40/Egfp-BAC was transformed into Escherichia coli SW102, which has the heat inducible recombination genes required for BAC-mediated recombineering. PCR products were generated with primers that contain 50 bp of HCMV flanking sequence targeting recombination of the galK expression cassette to the location of interest. The forward and reverse primers to insert galK into the miR-UL112-1 sequence were 5¢-GGCGCTCTGACAGCCTCCGGATCACA TGGTTACTCAGCGTCTGCCAGCCcctgttgacaattaatcatcggcga-3¢ and 5¢-GCGACGCGGCGTGCTGCTGCTCAACACCGTGTTCACCGTGG TGCACGGACtcagcactgtcctgctcctt-3¢, respectively (capitalized nucleotides correspond to the HCMV sequence). TB40-eGFP-BAC-containing SW102 cells were made competent and transformed with the HCMV flanking galK PCR product. Transformed cells were plated on M63 minimal salt agar plates supplemented with chloramphenicol (12.5 µg ml À1 ) and 0.2 % galactose. TB40-eGFP-BAC clones that underwent homologous recombination were additionally screened for growth on McConkey's medium supplemented with galactose. Positive colonies (red) were picked and further screened by PCR to confirm the proper location of the galK insert. Positive colonies were made electrocompetent and transformed with 80 bp dsDNA with HCMV sequences that flank the galK integrated sequence surrounding the sequence to be substituted into the viral genome. The dsDNA used to mutate the mature miRNA sequence of miR-UL112-1 was generated by annealing the following oligonucleotides: 5¢-GTGCTGCTGCTCAACACCGTG TTCACCGTGGTGCACGGACAACCCGGGAGCCATAGGCATCTGG GCTGGCAGACGCTGAGTAACCATGTGATCCGGAGGCTG-3¢ and 5¢-CAGCCTCCGGATCACATGGTTACTCAGCGTCTGCCAGCCCA GATGCCTATGGCTCCCGGGTTGTCCGTGCACCACGGTGAACAC GGTGTTGAGCAGCAGCAC-3¢. Positive recombinants are selected by growth on m63 minimal salt agar plates containing 0.2 % 2-deoxy-galactose (2-DOG) and 0.2 % glucose. All mutations were validated by sequencing the recombinant viruses. Virus was generated by electroporation of primary fibroblasts with BAC DNA (20 µg) plus an HCMV pp71-expressing plasmid (pCGNpp71). After a 100 % cytopathic effect was achieved, virus was harvested by ultracentrifugation through a 20 % sorbitol cushion. Viral pellets were resuspended in X-VIVO 15 medium (Lonza) supplemented with 1.5 % BSA. Aliquots were flash frozen in liquid nitrogen and stored at À80 C until further use. Stock titres were assessed by 50 % tissue culture infective dose assays on primary fibroblasts.
THP-1 latency and reactivation model. Twenty-four hours prior to infection, THP-1 cells were pre-incubated in RPMI with 2 % heat- inactivated FCS (RPMI/2 % FCS). This reduced large-scale expansion of the cell population and the associated loss of viral genomes (see Fig. S1 ). To obtain latently infected cells, undifferentiated THP-1 cells were infected at an m.o.i. of 5 with HCMV for 3-4 h at 37 C in 0.5 ml RPMI/ 2 % FCS per 6Â10 5 cells with occasional agitation to avoid settling. After infection, the cells were washed once with 2 ml RPMI/2 % FCS and spun down at 300 g (5 min). The cells were resuspended in RPMI/2 % FCS, plated in a 24-well plate and incubated for 3 days at 37 C/5 % CO 2 . To induce reactivation, the cells were differentiated to THP-1 macrophages using 100 nM PMA(Sigma-Aldrich).
A similar protocol was used for immunological assays with small adaptations. After the establishment of latency (72 h post-infection), the medium was replaced by fresh medium and 24 h later cells were used as stimulator cells in IFNg ELISPOT assays and in T-cell co-culture experiments (see below). To obtain reactivated cells for IFNg ELISPOT assays, latently infected cells were treated with PMA as described above and incubated for 96 h. As controls, lytically infected cells were obtained by pre-treatment with PMA (100 nM) for 48 h. Subsequently, the THP-1 macrophages were infected with TB40/E virus at an m.o.i. of 5, incubated for a further 96 h and then used as stimulator cells in IFNg ELI-SPOT assays.
IE antigen immunofluorescence assay. On the day of read-out, undifferentiated THP-1 cells in suspension were collected by centrifugation at 300 g for 5 min. The cells were washed once with PBS, resuspended in 200 µl PBS and adhered to a glass adhesion slide (0901000; Mari€ enfeld Laboratory Glassware) as described by the manufacturer. Differentiated adherent THP-1 cells were stained directly in the 24-well plate. Fluorescence images were taken using an Axiovision fluorescence microscope (brightfield: 5-9 ms exposure; pseudo colour green fluorescence at a laser intensity of 25 %: 500 ms exposure). Overlays were made automatically using the Axiovision software.
Analysis of viral RNA and DNA. DNA and RNA samples were prepared from monocytes obtained from one well or three wells, respectively, of a 24-well plate. Non-adherent cells were collected by centrifugation (5 min, 300 g) to remove the medium and were subsequently washed once with PBS. The cells were collected again by centrifugation (300 g, 5 min) and lysed in 500 µl lysis buffer (Invisorb Spin Cell Mini Kit) or 600 µl RLT Plus buffer (Qiagen RNeasy Plus kit) to obtain DNA and RNA samples, respectively. After removing the medium, adherent cells were washed and lysed in the well. DNA was prepared according to the manufacturer's instructions. RNA samples were prepared using a Qiagen RNeasy Plus kit with an additional on-column DNase digestion step according to the manufacturer's instructions.
Reverse transcription was carried out with oligo-dTs using the Superscript III kit (both from Life Technologies) according to the manufacturer's instructions with an RNA input of 250-500 ng. Gene-specific primers were used to amplify glyceraldehyde 3-phosphate dehydrogenase (GAPDH), IE1/UL123 and UL138 by PCR using the Expand High Fidelity PCR system (Roche) with the following cycling conditions: 95 C (5 min), 30 cycles of 94 C (40 s), 55 C (40 s) and 72 C (60 s), and a final extension at 72 C for 5 min (for primers see Table 1 ). PCR products were analysed using agarose gel electrophoresis (2 % E-gel; Life Technologies). Images were taken using an ImageQuant LAS 4000 imager.
Reverse transcriptase quantitative PCR (RT-qPCR) analyses were performed using the QuantiTect virus kit (Qiagen) as per the C. All qPCRs were performed in duplicate with minus template controls and minus reverse transcriptase controls. Viral transcript levels were normalized to the housekeeping transcript GAPDH. The sensitivities of the qPCRs for UL138 and IE1/UL123 were approximately equivalent with both having a detection limit of about 10 copies of the HCMV genome (B. Lau, unpublished observations). In contrast, the conventional RT-PCRs with products detected by agarose gel electrophoresis were not quantitative and detect UL138 more efficiently than IE72 (E. Poole, data not shown).
Preparation of PBMCs. Venous blood was obtained from an HLA-A2 HCMV-seropositive individual and collected in sterile 50 ml tubes containing 4 ml heparin sodium (100 IU ml À1 ) in PBS. The blood was diluted 1 : 2 with RPMI-1640 containing no serum (PAA laboratories) supplemented with 105 IU penicillin ml
À1
, 100 mg streptomycin ml À1 and 2 mM L-glutamine. PBMCs were isolated by Ficoll-Hypaque density gradient centrifugation, and 25 ml blood was layered onto 12.5 ml Lymphoprep (Axis-Shield) and centrifuged at 800 g for 15 min without the brake. PBMCs were washed twice in PBS and resuspended in RPMI supplemented with 10 % FCS (RPMI-10). Autologous serum was also collected and incubated at 56 C for 30 min in a water bath to inactivate complement. Following incubation the serum was UV-irradiated for 30 min and aliquoted for freezing at À20 C.
Expansion of HCMV-specific CD8
+ T-cells. CD8 + T-cells were isolated from the PBMCs of an HLA-A2 HCMV-seropositive individual using a magnetic CD8 + T-cell enrichment kit (StemCell technologies) and then resuspended in RPMI containing 10 % FCS (Invitrogen) and 10 % heat-inactivated autologous donor serum. Cells were stimulated with irradiated autologous PBMCs which had been pulsed with HCMV IE72 peptide VLE (Khan et al., 2002) or EBV-specific GLC peptide (Steven et al., 1996) . T-cell cultures were made in the presence of 2.5 IU ml À1 human recombinant IL-2 (UK National Institute for Biological Standards and Control) in 96-well plates at 37 C and a humidified CO 2 atmosphere for 10-14 days with feeding of the culture with the same media every 5 days. The specificity of expanded CD8 + cultures for mapped peptides was assessed by VLE HLA A2-specific pentamer staining. Briefly, cells were harvested and washed and then stained with the specific unlabelled pentamer (ProImmune), washed and then further stained with pentamer-specific PE fluorophore (ProImmune) and CD8 and CD3 antibodies conjugated to PerCP-Cy5.5 and FITC, respectively. After this, cells were fixed and acquired on a FACS Sort device using CellQuest software (BD Biosciences). Data were analysed using FlowJo software. All expanded cell lines were tested for specificity using IFNg ELISpot or Fluorospot assays against THP-1 cells, monocytes and DCs. Antigen-specific CD8 + T-cells were frozen in liquid nitrogen at 2Â10 6 cells ml
À1
.
Detection of cytokine production by ELISPOT and Fluorospot.
Human IFNg ELISPOT (Ready-SET-Go!; eBioscience) assays were performed according to the manufacturer's instructions using 96-well PVDF membrane plates (Millipore). VLE-specific CD8 + T-cells were rapidly defrosted at 37 C and diluted into 25 ml of warm RPMI-10, washed once and incubated at 37 C for 2 h before being counted and then added to wells at 12 500, 25 000 or 50 000 T-cells per well in triplicate. The T-cells were stimulated with 50 000 THP-1 cells that had been latently or lytically infected with HCMV or latently infected cells that had been reactivated. Positive controls were THP-1 cells pulsed with cognate peptide and negative controls were unpulsed and uninfected THP-1 cells.
Plates were incubated for 48 h at 37 C and then developed according to the manufacturer's instructions. Images of each well were taken using an ELISPOT plate scanner (ELISPOT Reader System; AID) and spots were enumerated using ImageJ (National Institutes of Health).
Human IFNg Fluorospot plate (Mabtech AB) assays were performed according to the manufacturer's instructions. Monocytes from an HLA-A2 HCMV-seronegative donor were latently infected for 6 days with WT or D112-1 target virus and then left untreated or treated with IL-4/ GM-CSF for an additional 6 days and then matured with lipopolysaccharide for 1 day to reactivate latent virus. These were then co-cultured with HLA-A2 restricted VLE-specific CD8 + T-cells at 37 C in a humidified CO 2 atmosphere for 48 h. The cells and medium were decanted from the plate and the assay was developed following the manufacturer's instructions. Developed plates were read using an AID iSpot reader (AID) and counted using AID EliSpot v7 software.
THP-1 co-culture. THP-1 cells were plated at 5Â10 4 cells per well in 48-well plates. At 3 days post-infection, VLE-or EBV-(GLC) specific CD8 + T-cells were rapidly defrosted at 37 C and diluted into 25 ml of warm RPMI-10, washed once and incubated at 37 C for 2 h before being counted and then added at an effector/target ratio of 3 : 4. The numbers of GFP-expressing cells across entire wells were enumerated 24 h later.
Ethical approval. All human samples were obtained under ethical approval and after approval of protocols from the Cambridgeshire 2 Research Ethics Committee (REC reference 97/092) and these protocols were conducted in accordance with the Declaration of Helsinki. Informed written consent was obtained from all of the volunteers included in this study prior to providing blood samples and all experiments were carried out in accordance with the approved guidelines.
